Abstract Ground-based and satellite-based lightning locating systems are the most common ways to detect and geolocate lightning. Depending upon the frequency range of operation, LLSs may report a variety of processes and characteristics associated with lightning flashes including channel formation, leader pulses, cloud-to-ground return strokes, M-components, ICC pulses, cloud lightning pulses, location, duration, peak current, peak radiated power and energy, and full spatial extent of channels. Lightning data from different types of LLSs often provide complementary information about thunderstorms. For all the applications of lightning data, it is critical to understand the information that is provided by various lightning locating systems in order to interpret it correctly and make the best use of it. In this study, we summarize the various methods to geolocate lightning, both ground-based and satellite-based, and discuss the characteristics of lightning data available from various sources. The performance characteristics of lightning locating systems are determined by their ability to geolocate lightning events accurately with high detection efficiency and with low false detections and report various features of lightning correctly. Different methods or a combination of methods may be used to validate the performance characteristics of different types of lightning locating systems. We examine these methods and their applicability in validating the performance characteristics of different LLS types.
Lightning data from different types of LLSs often provide complementary information about thunderstorms. For example, a good estimate of the fraction of cloud flashes in a thunderstorm may be obtained by combining the information from an LLS that reports cloud-to-ground lightning with high detection efficiency and low misclassification (see section 4) but is not able to detect all cloud lightning flashes in the storm, with information from an LLS that reports nearly all cloud and cloud-to-ground flashes in the storm but is not able to discriminate between flash types [e.g., Boccippio et al., 2001b; Koshak, 2010; Medici et al., 2015] . For all the applications of lightning data, it is critical to understand the information that is provided by various LLSs in order to interpret it correctly and make the best use of it. In this study, we briefly review the characteristics of electromagnetic emissions from lightning processes at various frequency ranges, the propagation paths of these emissions, and how these relate to the design of modern LLSs and the characteristics of data available from them. We then summarize the various methods of lightning geolocation used in ground-based and satellite-based LLSs. Finally, we discuss in detail the performance characteristics of various types of LLSs, and the methods used to validate them. We do not discuss single-point lightning sensors that use electromagnetic waveform parameters to estimate location of lightning events relative to the sensor location.
Electromagnetic Emissions From Lightning and Their Impact on LLS Design and Characteristics
Lightning flashes, both cloud and cloud-to-ground, may have durations of a second or more, while individual processes within a particular flash may last from a few hundred milliseconds to a few microseconds or less. These processes produce electromagnetic signatures in the range from a few hertz (long continuing currents) to 10 20 Hz (hard X-rays) [Rakov, 2008] . Gamma ray emissions (terrestrial gamma-ray flashes) have been observed to occur in association with lightning [e.g., Cummer et al., 2005 Cummer et al., , 2011 . The peak radiated power in the radio frequency range from lightning is expected to be at about a few to 10 kHz and to fall off linearly with increasing frequency [e.g., Serhan et al., 1980; Weidman et al., 1981; Cummins and Murphy, 2009, Figure 2] . Due to the wide range of rates and amplitudes of electromagnetic emissions from different lightning processes [Malan, 1963] , different frequency ranges are best suited for detecting them. Table 1 provides an overview of the characteristics of lightning processes at various frequency ranges commonly detected and geolocated by different LLSs including their typical peak amplitudes normalized to a distance of 100 km, the associated modes of signal propagation, and typical numbers of emissions in each lightning flash. These characteristics of lightning electromagnetic signals determine how LLSs are designed, their effective ranges (or areas of coverage), and the characteristics of the data available from them. For example, ground-based LLSs operating at ELF-VLF-LF ranges are typically referred to as "long-range" LLSs because electromagnetic radiation from lightning is the most powerful in this frequency range and the signals have wavelengths typically in the range of 10-100 km and propagate through the Earth-ionosphere waveguide, such that they can be measured by long-range LLS sensors at distances of a few thousand kilometers from the location of the lightning process. On the other hand, ground-based LLSs operating at VHF are referred to as "short-range" LLSs because electromagnetic radiation from lightning in this frequency range has wavelengths of about 1-10 m and has to be measured by LLS sensors within line-of-sight distance of the lightning process. Emissions in the high radio-frequency range (e.g., VHF) and optical signals can be detected from satellite-based sensors, whose design and operating characteristics are dictated by the field of view and the orbital characteristics of the satellite platform. The net result is that different types of LLSs provide complementary information about thunderstorms and a variety of different techniques are needed to assess or validate the performance characteristics of different LLSs (as discussed in section 5). Spectral amplitude data gleaned from Serhan et al. [1980] , Weidman et al. [1981] , Horner [1964] , Oetzel and Pierce [1969] , Kosarev et al. [1970] , and Willett et al. [1989a Willett et al. [ , 1989b and then normalized to a distance of 100 km assuming a 1/distance dependence.
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simultaneously at multiple sensors. A constant difference of the times at which a specific feature occurs at two different sensors defines a hyperbola, and multiple sensor pairs provide multiple hyperbolas whose intersections identify a lightning event location. Under some conditions, hyperbolas produced from only three sensors will result in two closely spaced intersections, thus leading to an ambiguous location [e.g., Cummins and Murphy, 2009, Figure 3] . Thus, the TOA technique requires simultaneous measurements of a lightning event from at least four sensors in order to geolocate the event uniquely, including calculation of its time, latitude, and longitude. In order to calculate the altitude of a lightning event, simultaneous measurements by at least five sensors are required. The TOA technique can be applied in ground-based LLSs operating in any frequency range. Lugrin et al. [2014] describe the electromagnetic time reversal technique that may be used to geolocate lightning, and they mathematically demonstrate TOA to be a particular case of this technique.
In the TOA technique, a fixed random error in the time measurement results in a fixed random error in the calculated position as long as the lightning event occurs within the perimeter of the set of sensors. The position error is thus directly proportional to the timing error and independent of the distance between the sensors and the lightning event. Further, the TOA technique is not affected by directionally dependent local angle errors (known as "site errors"). The primary factors introducing timing error are variations in terrain elevation (introducing delay in the arrival time of lightning electromagnetic signals) and propagation over finite conductivity soil (introducing arrival time delay and frequency dependent attenuation of signals). Factors such as GPS error, nonvertical lightning channels, and complexities of lightning electromagnetic wave shapes also contribute (generally to a lesser extent) to the timing error. Timing error introduced by terrain and soil conductivity variations can be addressed by applying location-specific corrections to the arrival times measured by LLS sensors [e.g., Cooray, 1987; Cummins et al., 2010; Honma et al., 2013] .
The lightning electromagnetic waves measured by sensors in long-range LLSs are affected by propagation over thousands of kilometers in the Earth-ionosphere waveguide. As a result, accounting for timing error introduced by terrain, soil conductivity variations, and ionosphere conductivity and height variations is of fundamental importance when using the TOA technique, and in this case, the definition of "time-of-arrival" differs from simply measuring the time of a specific feature on a waveform. For example, the World Wide Lightning Location Network (WWLLN) uses a technique called the time-of-group-arrival (TOGA). This method is based on the fact that lightning VLF signals (sferics) propagating in the Earth-ionosphere waveguide experience dispersion, in that the higher-frequency components arrive earlier than the lower-frequency components [Dowden et al., 2002] . The time at which the derivative of phase with respect to frequency reaches zero in any sferic measured by a WWLLN sensor is used as a dispersion-corrected time and yields better results than a simple trigger time. Once this corrected time is determined at multiple sensors, the essential TOA technique is then applied in the usual way to calculate the time, latitude, and longitude of the associated lightning event. In the Global Lightning Dataset (GLD360), TOA is used in combination with direction-finding (see section 3.2) to geolocate lightning. In order to select the most appropriate time feature, a waveform correlation algorithm is used in each sensor [Said et al., 2010] . A bank of "canonical" lightning waveforms corresponding to propagation over different distance ranges are used for this purpose. Discussion of the performance characteristics of long-range and medium-range LLSs is found in section 4.1.
Direction Finding
The direction finding technique typically employs magnetic direction finding (MDF), generally used in the VLF and LF-MF ranges, or interferometry, generally used in the VHF range (even though it has been used recently in the LF range [Lyu et al., 2014] ).
The magnetic direction finding technique generally uses two orthogonal loop antennas to measure the magnetic field waveform produced by a lightning event. The ratio of the amplitudes of a selected waveform feature (generally the peak) measured by each loop can be used to calculate the azimuth of a lightning event location with respect to a sensor location, which gives a direction vector joining a sensor location and a lightning event location [Krider et al., 1976] . The intersections of two or more such direction vectors from two or more sensors measuring the same lightning event simultaneously identify a lightning event location. The time, latitude, and longitude of a lightning event can be calculated using this technique. In order to calculate the altitude of a lightning event, two or more three-axis magnetic field sensors are required, with each sensor having three orthogonal loop antennas and the ability to measure both the azimuth and elevation angles of a lightning event.
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In VHF interferometry, each sensor consists of an array of closely spaced antennas, with the separation distance between individual antennas in the array being much smaller than the distance between the array and the lightning event location. The arrival-angle (azimuth) information can be derived from arrival time (phase) difference of the VHF signals associated with lightning events between individual antennas in a sensor. Similar to the MDF technique, simultaneous measurements of the azimuth of a lightning event location at two or more sensors can be used to determine the event location. The time, latitude, and longitude of a lightning event can be calculated using this technique. In order to add altitude to the geolocation, two or more sensors must simultaneously measure the azimuth and elevation angles of the event. VHF interferometry may be performed in narrowband [e.g., Lojou et al., 2009] or broadband [e.g., Shao and Krehbiel, 1996; Mardiana and Kawasaki, 2000; Sun et al., 2013; Stock et al., 2014] .
In ground-based LLSs, both MDF and interferometric techniques have to account for directionally dependent local site errors (typically due to various types of electromagnetic coupling) for each sensor in order to get accurate angle estimates. Given constant angle error, the location error associated with the estimated position of a lightning event is proportional to the distance between the sensors and the lightning event.
That is, a constant angle error at the sensor translates to increasing linear error as the distance from the detector to the event increases. Additionally, when only two sensors are used to estimate position, the location error is much larger near the line joining the two sensors than it is where the sensor direction vectors intersect at a right angle.
Optical Imaging
Optical emissions from cloud-to-ground and intracloud lightning discharges can be detected from above cloud top. The strongest emissions in the cloud-top lightning optical spectra [e.g., Christian et al., 1989 , Figure 1 ] are produced by the neutral oxygen (at 777.4 nm wavelength) and neutral nitrogen (at 886.3 nm wavelength) lines in the near infrared. Roughly 5% of the optical energy in a lightning flash may be radiated at and around each of these wavelengths. In satellite-based LLSs, lightning events (or groups of lightning events, see section 4.3) are geolocated by using geometric projection of images taken from space of optical radiation from lightning within clouds. The time, latitude, and longitude of a lightning event (or a group of events) can be calculated using this technique. Altitude of lightning events, however, cannot be determined. Detailed discussion of the factors that must be considered in satellite-based optical imaging can be found in Boccippio et al. [2000] , Suszcynsky et al. [2001] , Boccippio et al. [2002] , Christian et al. [2003] , and Mach et al. [2007] .
Combined and Special Techniques
Long-and medium-range LLSs (see section 4.1) may use a combination of TOA and MDF techniques in order to utilize the combined strengths of both techniques. With direction-finding alone, a minimum of only two sensors can provide a geolocation but the position error is subject to the distance-dependent growth discussed in section 3.2, and it is necessary to correct the site errors affecting the angle measurements. With TOA alone, more sensors are required to determine a geolocation, but position errors are independent of distance inside the network and are generally lower than those produced from direction-finding alone. In combined TOA-MDF LLSs, lightning events may be geolocated by as few as two contributing sensors and benefit from the position error advantage of TOA in the interior of the network, although there are larger location errors near the line joining the two sensors as described in section 3.2.
Broadband VHF interferometry, using a two-antenna system to estimate a direction of arrival, has been used along with optical imaging to geolocate lightning in low-Earth orbiting satellite-based LLSs [Morimoto et al., 2014] . Jacobson et al. [2011] used a noninterferometric VHF direction-finding technique to geolocate thunderstorms approximately with data from two orthogonal VHF log-periodic antennas on the Fast On-orbit Rapid Recording of Transient Events (FORTE) satellite. This technique does not require combination with optical imaging to perform geolocation but is subject to 180°ambiguity (hence, two possible geolocations per detected pulse). Discussion of the performance characteristics of satellite-based LLSs using VHF direction finding techniques is found in section 4.2.
Medium range LLSs may use a combination of sensors operating in the VLF to MF and VHF ranges [e.g., Lojou et al., 2009; Murphy et al., 2013] . Since different frequency ranges are suitable for measuring emissions from different types of lightning processes (as discussed in section 2), such medium range LLSs are able to geolocate lightning processes such as return strokes and cloud pulses using measurements made in the VLF to MF range (discussed in section 4.1) and map the full spatial extent of lightning channels using measurements made in the VHF range (discussed in section 4.2).
Performance Characteristics of LLSs Operating at Various Frequency Ranges
The performance characteristics of an LLS refer to its ability to detect, locate, and report various aspects of lightning discharges. These performance characteristics include (1) detection efficiency (DE) for cloud and cloud-to-ground flashes and cloud-to-ground strokes, (2) the associated location accuracy (LA), (3) polarity and peak current estimation accuracy, and (4) lightning type classification accuracy, the ability to differentiate between different processes such as in-cloud pulses and cloud-to-ground strokes. Table 2 summarizes the ranges of validated or estimated performance characteristics that are germane to each type of LLS given the signals measured and the information that can be derived from those signals. The various studies from which the information in Table 2 is derived are discussed in the following subsections. Note that various measurements made by LLSs operating at VHF-UHF ranges (see section 4.2) and visible and near infrared frequency ranges (see section 4.3), such as spatial extent of a lightning flash and peak radiated source power or radiant energy, are not easily verified and, therefore, not included in Table 2 . Total lightning detection is the detection and geolocation of events associated with a large fraction of cloud and cloud-to-ground flashes that occur within the coverage area of an LLS. In Table 2 we provide the total flash detection efficiency for ground-based and satellite-based LLSs that detect the majority of cloud and cloud-to-ground flashes but cannot distinguish between them. For satellite-based LLSs, the spatial resolution of their imaging systems is often used as a measure of their location accuracy. Data elements that are not typically provided by a particular LLS type are indicated by "NA," and information that cannot be provided at the discharge process (or event) level but is available at the flash level is indicated.
A fifth LLS performance characteristic (not included in Table 1 ) is the rate of false detections. Studies on false detections by LLSs are very sparse compared to those related to the validation of the four performance characteristics listed in the previous paragraph. The false detection rate is inherently challenging to quantify and is not subject to any of the validation methods discussed in section 5 which involve the use of independent measurements of lightning to assess the performance of LLSs. Appendix A provides some information about defining false detections and quantifying and evaluating their rate of occurrence for ground-based LLSs. Factors contributing to false detections in satellite-based LLSs and methods to minimize them are mentioned in section 4.3.
LLSs Operating at ELF to HF
ELF, VLF, LF, MF, and HF radiation is produced by lightning processes ranging from the relatively long-duration continuing currents, which last for several tens to hundreds of milliseconds, to the relatively short-duration currents flowing through cloud and cloud-to-ground lightning channels with total durations of a few to several tens of microseconds. LLSs operating in these frequency ranges generally detect and geolocate electromagnetic pulses radiated by the latter processes, which include return strokes and M-components in cloud-to-ground discharges and preliminary (or initial) breakdown pulses and other relatively high-amplitude pulses radiated by predominantly vertical channels within the cloud.
Propagation of lightning electromagnetic signals over the Earth's surface (ground wave) causes the amplitude of such signals to decay, with higher frequency components being attenuated more quickly with distance. Figure 1 shows the relative amplitude, as a function of frequency, of the vertical electric field or horizontal magnetic field after propagating 100 km over soil having a conductivity of 10 mS/m using the Norton flat Earth model [Norton, 1937] relative to what it would be over perfectly conducting ground. Note that soil conductivity in North America, for example, generally varies from about 1 to 30 mS/m, and that Norton's approximation is valid up to about 1 MHz. At a distance of 100 km, signal amplitudes are expected to attenuate by 12 dB per frequency doubling for frequency components above 400 kHz. The combination of ground-wave propagation with relatively minimal attenuation in the VLF-LF and the fact that lightning-radiated power peaks in the VLF-LF range makes this range of frequencies suitable for long-and medium-range ground-based LLSs. On the other hand, the larger propagation losses and lower radiated power from lightning processes at higher frequencies indicate that the HF components of lightning signals are only useful when measured by sensors within several tens of kilometers of the location of a lightning event. As discussed above, long-and Estimation of the fraction of cloud-to-ground flashes in thunderstorms may be available [Koshak, 2010; Koshak and Solakiewicz, 2011] . See text for details.
Earth and Space Science Hutchins et al., 2012a Hutchins et al., , 2012b Said et al., 2010 Said et al., , 2013 coverage. These systems provide continuous coverage over land and ocean due to their relatively long baseline distances. Lightning data from such systems typically consist of the time of occurrence of each lightning event, latitude, longitude, and a variety of parameters indicating the quality of the geolocation, such as chi-square and confidence ellipse angle and axes lengths. Some long-range LLSs also provide the polarity and estimated peak current (or peak radiated power) of lightning events. At present, long-range LLSs do not distinguish between cloud-to-ground strokes and cloud pulses. However, they are likely to detect primarily cloud-to-ground strokes, with the percentage of cloud lightning pulses detected being very small. This expectation is due simply to the greater amplitudes of the emissions from return strokes in this frequency range.
Performance characteristics of long-range LLSs may vary relatively widely depending upon the characteristics of sensors, geolocation techniques used, and the geographic region being considered. The cloud-to-ground flash DE is in the range of about 10% [e.g., Mallick et al., 2014a ] to about 70% [e.g., Mallick et al., 2014b] , the cloud-to-ground stroke DE from about 3% [e.g., Mallick et al., 2014a ] to 40% [e.g., Mallick et al., 2014b] , the median LA from about 2 km [e.g., Mallick et al., 2014a Mallick et al., , 2014b ] to over 10 km [e.g., Chronis and Anagnostou, 2006; Morales et al., 2014] , median peak current estimation error of around 25-30% [e.g., Said et al., 2013; Mallick et al., 2014b] , and polarity estimation error of 1-4% [e.g., Said et al., 2013; Mallick et al., 2014b] .
Medium-range LLSs, whose adjacent sensors may be separated by distances as large as 400 km, operate in various parts of the ELF to HF range, even though the majority of the MF-HF component of lightning electromagnetic signals may be lost due to propagation over distances greater than 100 km, as discussed above. Such LLSs may have regional [e.g., Pinto et al., 2009; Shindo et al., 2012] , country-wide [e.g., Cummins et al., 1998; Heckman and Liu, 2010; Sugita and Matsui, 2012] , or continental-scale [e.g., Orville et al., 2002 Orville et al., , 2011 Schulz et al., 2014; Holler et al., 2012] coverage and are often referred to as precision LLSs as they generally provide precise information about the lightning events geolocated by them. This is, however, applicable only to areas within the perimeter of such medium-range LLSs, which are very often limited to the regional coastlines or boundaries, with performance characteristics gradually falling off outside the boundaries. Data from such systems typically consist of the time of occurrence, latitude, longitude, estimated peak current and polarity, type classification (cloud or cloud-to-ground) of each lightning event, and a variety of parameters indicating the quality of the geolocation such as chi-square and confidence ellipse angle and axes lengths.
The cloud-to-ground flash and stroke DE of modern medium-range LLSs generally range from about 85% to over 95% and from about 70% to over 90%, respectively [e.g., Nag et al., 2011a; Nag and Rakov, 2014; Mallick et al., 2014c Mallick et al., , 2014d Schulz et al., 2013 Schulz et al., , 2014 . The median LA ranges from about 100-200 m [e.g., Schulz et al., 2012; Cramer and Cummins, 2014; Mallick et al., 2014e] to less than 1 km [e.g., Mallick et al., 2014d] . The median peak current estimation accuracy is in the 15-20% range [e.g., Nag et al., 2011a; Mallick et al., 2014c Mallick et al., , 2014d , and the polarity estimation accuracy is typically close to 100%. flash DE being typically about 50% [e.g., Murphy et al., 2014; Cummins et al., 2014; Murphy and Nag, 2015] in medium-range LLSs. In LLSs with baseline distances less than about 150 km, cloud flash DE as high as about 60% has been observed [e.g., Murphy et al., 2013] , and it is expected to be around 75% in LLSs with baseline distances of 50-75 km. The median location accuracy of cloud pulses (preliminary breakdown pulse trains in cloud-to-ground flashes) was estimated to be 1.5 km by Murphy et al. [2014] .
For lightning events identified independently as negative cloud-to-ground return strokes, LLSs have classification accuracies ranging from 48% [Mallick et al., 2014d ] to 96% [Mallick et al., 2014c] . Roughly 90% of all cloud-to-ground lightning is expected to be negative [Rakov and Uman, 2003] . For independently identified negative and positive cloud lightning pulses, Zhang et al. [2015] reported a classification accuracy of 78% and 100%, respectively. The majority of cloud lightning pulses are expected to be positive (produced by cloud discharges occurring between the main negative and upper positive charge regions). For example, roughly two thirds of all cloud lightning pulses reported by the U.S. National Lightning Detection Network (NLDN) are positive .
LLSs Operating at VHF and UHF
VHF radiation from cloud and cloud-to-ground lightning is thought to be associated with the breakdown of virgin air as a part of the channel formation process and leader processes that occur in pre-existing channels. The first process produces a VHF radiation signature that consists of well-defined bursts of narrow, microsecond-scale pulses. The second process, on the other hand, may be quasi-continuous for a few milliseconds and does not exhibit distinct peaks in the VHF electromagnetic radiation signature. The TOA technique (discussed in section 3.1) measures the time difference between the occurrence of a specific feature in isolated VHF pulses at different sensors, and it is more likely to detect and geolocate sources of VHF radiation from channel formation processes. The same is expected to apply to the UHF TOA measurements performed by Proctor [1981] and Proctor [1997] . In VHF interferometry (discussed in section 3.2), on the other hand, the phase difference between individual antennas is calculated by integrating over (typically) 100 μs of VHF radiation, and hence, sources of the longer-lasting VHF radiation from continuous leader processes are generally detected and geolocated.
Because VHF signals do not propagate as ground waves, but rather are blocked by terrain and buildings, LLSs operating in the VHF range are generally short range, with adjacent sensors being separated by distances as large as 150 km for interferometry and typically about 10-40 km for TOA. Such LLSs generally provide regional coverage. Because of the high rate of emissions produced per lightning flash (often resulting in multiple emissions per branch) in this frequency range, the data from such systems allow the "mapping" or "imaging" of the full spatial extent of lightning channels, and hence, such LLSs are often referred to as VHF mapping systems. VHF mapping systems [e.g., Thomas et al., 2004; Lojou et al., 2009 ] may be used for real time operational applications (such as lightning warning or thunderstorm nowcasting) or for research. Broadband VHF interferometric systems have been developed in Japan [Akita et al., 2011] , China [Sun et al., 2013] , and the United States [Stock et al., 2014] and deployed in a number of research campaigns. Typically, the data from such LLSs consist of the time of occurrence, latitude, and longitude of each emission source, and of a variety of parameters indicating the quality of the geolocation such as chi-square and confidence ellipse angle and axes lengths. Some VHF systems, particularly the TOA systems, also provide the altitude of each detected emission. Estimated peak current and polarity of lightning events are not reported by VHF mapping systems (unlike LLSs operating at ELF to HF ranges discussed in section 4.1) because no reliable relationship exists between the peak of either narrowband or broadband VHF signals from lightning and peak currents associated with the radiating sources. However, peak radiated source power is reported by VHF TOA systems [Thomas et al., 2001] . Due to different sensitivities of such systems to breakdown in positive and negative cloud charge regions, VHF emissions from in-cloud lightning processes geolocated by them can be used to infer the charge structure of a thundercloud. The sources geolocated by such LLSs are generally above the ground surface (mostly within the clouds), and hence, lightning type classification of the individual sources is not applicable. In order to identify flashes that contain cloud-to-ground strokes unambiguously, it is generally necessary to couple data from VHF mapping systems with data from a reference source such as from video cameras or LLSs operating at ELF to HF ranges [e.g., Zhang et al., 2015; Ushio et al., 2015] . Also, correlated data from an LLS operating at ELF to HF ranges are needed in order to determine the polarity and peak currents of those strokes. The total (cloud and cloud-to-ground) flash DE of VHF mapping systems is generally expected to be close to 100% because of the large number of VHF emissions produced by each lightning flash coupled with a reasonable probability of detection per emission. DE values approaching 100% in an operational VHF mapping system were found by Lojou and Cummins [2006] by comparing with the cloud-to-ground flashes reported in the interior of the NLDN. The LA of individual VHF events reported by TOA mapping systems is of the order of 10 m in the interior of the network, measured by tracking a balloon-borne transmitter [Thomas et al., 2004] . Similar measurements of the event-level LA of interferometric mapping systems are not available. However, at the level of overall lightning flashes (obtained by grouping VHF events that appear to be spatially and temporally clustered), observations from overlapping VHF time-of-arrival and interferometric mapping systems show very similar spatial representations of the same lightning flashes [e.g., Lojou and Cummins, 2006] .
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As discussed in section 3, VHF direction finding techniques have been used in low-Earth orbiting satellite-based LLSs. In general, such LLSs geolocate lightning at the storm [Jacobson et al., 2011] or cloud level [Morimoto et al., 2014] . Data collected over time by such LLSs can be used in climatological studies, but they cannot provide continuous monitoring of individual thunderstorms. Suszcynsky et al. [2000] proposed placing VHF receivers on the Global Positioning System (GPS) satellite constellation to form a network of sensors that would detect and geolocate emissions from lightning processes with continuous coverage using the TOA technique. However, that project has not been realized. Instead, the evolution of satellite-based continuous thunderstorm monitoring seems to have moved toward optical imaging of emissions measured from geostationary orbit [Goodman et al., 2013] as discussed in section 4.3.
LLSs Operating at Visible and Near Infrared Frequency Ranges
Lightning processes involve the formation of channels carrying several kiloamperes of electric current with temperatures often greater than 40,000 K. This is accompanied by intense radiation in the optical frequency range with the peak power typically being of the order of 10 9 W [Christian et al., 1989] . These optical emissions are a result of dissociation, excitation, and subsequent recombination of various atmospheric constituents as a result of the sudden intense heating, and primarily occur at discrete atomic lines with some continuum at higher frequencies. Satellite-based optical imagers operating in the visible and near infrared frequency ranges measure these optical emissions and geolocate the associated lightning processes by projecting images taken from space onto the Earth's surface. Various satellite programs including the OSO-2 [Vorpahl et al., 1970] , OSO-5 [Sparrow and Ney, 1971] , and Defense Meteorological Satellite Program (DMSP) [e.g., Turman, 1978; Turman and Tettelbach, 1980; Orville and Henderson, 1986] used various optical sensors (photodiodes/photometers) to measure lightning. The Night/Day Optical Survey of Lightning (NOSL) [Vonnegut et al., 1983] conducted from the space shuttle used a small hand-held instrument package consisting of a 16 mm cine movie camera and solar cell optical pulse detector and recorder. In general, these satellite-based LLSs had poor location accuracy and detection efficiency, of the order of hundreds of kilometers (due to the low spatial resolution of the optical imagers) and less than 2%, respectively.
Three relatively modern satellite-based LLSs on long-term low-Earth orbiting platforms, OV-1, TRMM, and FORTE contain optical imagers (CCD arrays) with fields of view ranging from 600 × 600 km to 1300 × 1300 km. These are called, respectively, the Optical Transient Detector (OTD), Lightning Imaging Sensor (LIS), and the Lightning Location System. Note that in the FORTE satellite the CCD array and a photodiode detector together comprise the Optical Lightning System (OLS). The OTD, LIS, and OLS CCD arrays are similar but use different on-board processing algorithms. The optical imagers measure the signals emitted at 777.4 nm wavelength, associated with dissociation of molecular oxygen into atomic oxygen due to intense heating produced by lightning processes. Data from such LLSs typically consist of the time of occurrence of each lightning event, latitude, longitude, and radiant energy for each pixel. From OTD and LIS data, flashes are assembled from spatially clustered "groups" of pixels illuminated by optical pulses (referred to as "events") for each 2 ms period, as described by Mach et al. [2007] . For the OLS, a grouping method based on coincident observations from the photodiode detector and CCD array is used . To date, the radiant energy for each pixel has not been fully utilized because interpretation of this measurement is complicated by variations in the optical properties of the path between the emission and the measurement point. While the radiant energy measured from space is probably a good indicator of radiant energy of the associated lightning processes, it is a 1.9 ms time-integrated value and, therefore, not particularly useful for estimating peak currents of individual lightning events. Also, since photons are neutral particles, optical measurements provide no information on polarity of lightning events. Hence, estimated peak current and polarity of lightning events are not reported by satellite-based LLSs (unlike LLSs operating at ELF to HF ranges discussed in section 4.1).
Performance characteristic estimates of satellite-based LLSs can be derived from the characteristics of their optical sensors and associated instruments. For CCD array-based optical imagers, the absolute location accuracy for lightning events or groups of events depends upon the equivalent pixel size of the detector array, the focal length of the lens, the orbital altitude (which determines the spatial resolution), the effect of scattering of light within the cloud, and the quality of the satellite navigation. The spatial resolution at nadir of the optical images on board the OV-1 and FORTE was about 8 km with the resolution being poorer toward the edges of the field of view. The lower orbital altitude of TRMM resulted in a 4.5 km spatial resolution. The detection efficiency is determined by the final signal-to-noise ratio for each detector element, which is determined by the strength of the lightning optical signal, pixel integration time, the pixel spatial resolution, background illumination (time-of-day), and external noise sources. This signal-to-noise ratio is maximized using high throughput optics (low f-number), narrow band filters (1 nm wide), small individual pixel field of view (about 8 km), and low noise electronics. The estimated total flash detection efficiency for LIS during the day and night is estimated to be about 70% and 88%, respectively, and about 38% and 52%, respectively, for OTD [e.g., Boccippio et al., 2002; Cecil et al., 2014] . False detections, which are a result of intrinsic CCD or sensor hardware noise, optical shot noise, nonlightning optical sources, and high energy particles in the low-Earth orbit spacecraft environment (e.g., the South Atlantic Anomaly) [Christian et al., 2003] , are removed through variable thresholding techniques and post-processing filtering and the rate of false detection is expected to be insignificant . Suszcynsky et al. [2001] describe a technique that uses coincident observations from the FORTE-satellite-based photodiode detector and CCD array to eliminate false detections.
Some studies [e.g., Boccippio et al., 2000; Thomas et al., 2000; Kirkland et al., 2001] have examined the performance characteristics of satellite-based LLSs with respect to ground-based LLSs. Using NLDN cloud-to-ground flash data as reference, Boccippio et al. [2000] reported the location accuracy of the OTD (on the OV-1 satellite) to be typically between 20 and 40 km with the median being 50 km. The relatively large location errors were attributed to the uncertainty introduced by OTD's pixel resolution (8-24 km) and imperfect satellite navigation (the OV-1 used gravity gradient stabilization which resulted in poor pointing accuracy). OTD's temporal accuracy, defined as the time difference between the occurrence time of the first NLDN-reported return stroke in a flash and that of the brightest optical pulse group reported by the OTD within 2 s and 200 km of the NLDN-reported first stroke, was generally found to be better than 100 ms. The cloud-to-ground flash DE of OTD was estimated to be in the 46-69% range. Thomas et al. [2000] examined the total flash DE of the LIS using VHF mapping data from LMA as reference and found that the LIS detected 33% (9 out of 27) of flashes with sources confined to altitudes below 7 km and 99% (99 out of 101) of flashes with sources at altitudes above 7 km. Almost all cloud flashes and 60% of cloud-to-ground flashes were detected by the LIS. Using the location of a ground-based laser as reference, Suszcynsky et al. [2001] estimated the location accuracy of the CCD array-based imager on board the FORTE satellite to be in the range of 5 to 15 km. Kirkland et al. [2001] reported the cloud-to-ground flash detection efficiency of the silicon photodiode detector on board the FORTE satellite to be 23% using NLDN data as reference.
While satellite-based LLSs detect optical emissions from both cloud and cloud-to-ground flashes, they cannot distinguish between emissions associated with different lightning types, at least for individual flashes [Goodman et al., 1988] . Koshak [2010] examined seven optical characteristics of flashes (radiance, area, duration, number of events, and number of groups) and groups (maximum number of events in a group and maximum group area) using data from the OTD (and associated NLDN data) and reported that these characteristics were similar for cloud and cloud-to-ground flashes. However, since the overall mean, median, and standard deviation values of these characteristics for populations of cloud flashes were different from those for populations of cloud-to-ground flashes, the fraction of each lightning type in storms could be estimated. these optical imagers on low-Earth orbiting satellites observe a given location on Earth's surface for a limited time (90 s to a few minutes), they can only take snapshots of thunderstorms and cannot monitor them as they develop and evolve. Because of the short viewing times, the detection efficiency values given above are not equivalent to the detection efficiencies of LLSs that geolocate lightning continuously on global or regional scales. Rather, they are conditional probabilities of detection subject to the short viewing time of any given thunderstorm. However, since the detection efficiencies of such optical detectors generally remain constant over space and time, properly computed global lightning climatologies obtained using such data sets are spatially consistent.
The first geostationary satellite-based LLS called the Geostationary Lightning Mapper (GLM) is expected to be launched in the near future (March 2016) on board the GOES-R satellite series. It will have a full-disk (hemispheric) field of view and continuous coverage in time [Goodman et al., 2013] . A combination of two such optical imagers on board two geostationary satellites (GOES-E over 75 W longitude and GOES-W over 137 W longitude) is expected to provide continuous coverage (with some overlap) over a region extending from about southern Canada in the north to southern tip of South America in the south and from about the west coast of Africa in the east to eastern New Zealand in the west. The GLM is a near-infrared optical event detector (centered at 777.4 nm wavelength as with LIS/OTD) with a time resolution of 2 ms and a spatial resolution of 8 km at the equator, expanding to 14 km at the edges of the field of view. The GLM will detect both cloud and cloud-to-ground flashes. However, as discussed above, it is not expected to be able to classify individual flashes. The total flash DE is expected to be about 80%, on average, with it being as high as 100% at night. Launch of a geostationary satellite-based LLS with coverage over Europe and Africa is also being planned by the European Space Agency [Finke et al., 2010; Grandell et al., 2010] .
Evaluation/Validation of Lightning Locating System Performance Characteristics
The performance characteristics of an LLS determine the quality of the lightning data available. The cloud and cloud-to-ground flash DE, cloud-to-ground stroke DE, LA, polarity and peak current estimation accuracy, and lightning type classification accuracy for various LLSs are discussed in section 4 and summarized in Table 2 . In this section, we now discuss the various methods by which these performance characteristics can be evaluated and/or validated. It is generally not possible to validate all LLS performance characteristics using any one method reviewed here. In Table 3 , we summarize the various performance characteristics that can be validated using each of these methods. Often, a combination of one or more of the validation techniques discussed in sections 5. Intercomparison among LLSs see Table 4 see Table 4 see Table 4 see Table 4 a CG = cloud-to-ground, IC = intracloud, NA = not applicable. Honma et al. [2013] . Parameters suitable for such analysis are currently available from ground-based LLSs only, and hence, this method only applies to such systems. This method requires data collected by an LLS after it has been properly calibrated. It can provide a good estimate of an LLS' performance in a cost-effective, practical manner. It does not, however, provide any absolute measure of either DE or LA, and polarity and peak current estimation accuracy and lightning type classification accuracy of an LLS cannot be evaluated using this method.
Earth and Space Science
While the primary focus of this section is the validation of LLS performance, it is also important to note that LLS performance can be modeled, and LLS self-reference methods of validation are often coupled with performance modeling. For this reason, we review methods of LLS performance modeling in Appendix B.
With regard to DE, there is a theoretical relationship between the probability of detection of a cloud or cloud-to-ground event (the event detection efficiency) and the number of sensors that detect (or "report") these events in an LLS. The DE is not directly observable by the LLS, but the distribution of the NSR is. An LLS performance model can be used to calculate both DE and the expected distribution of the NSR, and then, in the self-reference validation step, the observed NSR distribution is compared with the modeled NSR distribution. The relationship between the NSR distribution and the event DE depends upon a variety of factors that are discussed in detail in Appendix B. As an example, in Figure 2a , we show the expected (or modeled) cloud-to-ground stroke DE of an LLS, and in Figure 2b , we show the distributions of the NSR expected at positions A, B, C, and D shown in Figure 2a , for strokes with peak current of 20 kA. By comparing modeled and observed distributions of NSR, it is possible to ascertain whether the actual stroke DE of the LLS is similar to the expected stroke DE (such as the one shown in Figure 2a ). In general, the distribution of NSR tends toward lower values as DE decreases with increasing distance from the interior of the network (as we move from point A to D). However, note that, the absolute minimum NSR required to geolocate a stroke, two in this example network, never becomes the most probable value of NSR. This is due to the relationship between LA and DE in the exterior of a network as discussed in Appendix B.
To determine the expected flash DE of an LLS from an expected event DE, it is necessary to know the average number of events per flash. For cloud-to-ground flashes, this is known as the average flash multiplicity, or number of strokes per flash. A relationship between stroke and flash DE is described by Rubinstein [1995] using a distribution of the number of strokes per flash reported by Thomson et al. [1984] for Florida. Flash multiplicity may vary regionally and seasonally. Schulz and Cummins [2008] provide a relationship between stroke and flash DE based on the average flash multiplicity obtained from LLS data and the actual average flash multiplicity.
The confidence (or error) ellipse represents the spatial distribution of random position errors of an LLS. The confidence ellipse is obtained by cutting the two-dimensional (latitude, longitude) probability distribution of random position errors, which is assumed to be Gaussian, at a particular probability level. Typically, a probability level of 0.5 is chosen, such that the ellipse then represents the median random position error. The ellipse can be calculated for each lightning event, and its size and shape depend on the random errors (specifically the standard deviations) in the measurements from the contributing sensors and the location of the event relative to those contributing sensors. In an LLS operating in the VLF to LF and using a combination of the TOA and MDF methods described in sections 3.1 and 3.2, the random errors in both angle and time measurements are needed to determine the ellipse. Details of the confidence ellipse calculation can be found, e.g., in Schulz [1997] and Cummins et al. [1998] . The ellipse is only a true measure of random position error if the systematic or bias errors in angle and time (e.g., site-specific angle errors and propagation-related timing errors) have been corrected and the random errors have been described correctly. This is the case once the site error corrections, systematic time error corrections, and expected time and angle standard deviations are applied. Figure 3 shows, as an example, the distribution of the semimajor axis (SMA) length of the 50% confidence ellipse, which is expected to be the median location error, in the interior of the NLDN which is comprised of sensors with root mean square timing errors of 0.4 μs. The SMA length of the 50% confidence ellipse reported by LLSs can be averaged over regions and displayed on maps. Figure 4 shows, for example, the median SMA length of the 50% confidence ellipse for cloud-to-ground strokes in a 50 × 50 km regions for the European EUCLID network in 2013.
Rocket-Triggered Lightning and Lightning Strikes to Tall Objects
This method uses data from rocket-triggered lightning experiments or lightning strikes to tall objects (e.g., towers instrumented with current measurements) as ground truth to evaluate the performance characteristics of an LLS within whose coverage area the triggered lightning facility or the tall object is located. Since the location of the cloud-to-ground events (including return strokes, M components, and superimposed pulses) and the peak currents are independently known, it is possible to measure the DE, LA, polarity and peak current estimation accuracy, and lightning type classification accuracy of an LLS. Examples of studies using rocket-triggered lightning for LLS performance evaluation include Jerauld et al. [2014a, 2014b, 2014c, 2014d] . Examples of studies using lightning strikes to tall objects are found in Diendorfer et al. [2000a Diendorfer et al. [ , 2000b 
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rocket-triggered lightning and lightning strikes to tall objects can be used to validate the performance characteristics of all ground-based LLSs operating at different frequency ranges and satellite-based LLSs. However, since lightning mapping systems such as LLSs operating at VHF-UHF and satellite-based LLSs do not typically identify ground attachment points, do not estimate polarity or peak currents, and do not provide lightning type classification (see sections 4.2, 4.3, and footnote b of Table 4 for further discussion), only the DE of such LLSs may be validated using this technique. Also, only the cloud-to-ground event and flash DE of an LLS operating at ELF to HF can be estimated using these methods as all ground-truth data obtained using these methods are for lightning processes that attach to ground.
Rocket-triggered lightning and lightning strikes to tall objects provide the best ground-truth data for performance characteristics validation for cloud-to-ground lightning and are the only direct ways to validate peak current estimation accuracy of LLSs. However, these studies may be very expensive and may not be practical for all regions (as there are only a few triggered lightning facilities and instrumented towers across the world). Moreover, these are valid indicators of LLS performance only for the region where the rocket-triggered lightning facility or tall object is located, especially in cases where the performance of the LLS is expected to vary significantly from region to region. In order to evaluate the cloud-to-ground stroke LA of an LLS with a large coverage area, multiple noninstrumented tall objects in different regions of the area covered by the LLS may be used [e.g., Cramer and Cummins, 2014] . Note that since only 10% of all downward cloud-to-ground lightning is positive, almost all lightning data obtained using rocket-triggered lightning and strikes to tall objects are for negative lightning. Also, upward-initiated lightning from tall towers are often followed by downward negative strokes [e.g., Diendorfer, 2010; Warner et al., 2012] . LLS performance characteristics inferred using these methods are, therefore, applicable to negative cloud-to-ground lightning only.
The primary distinction between natural cloud-to-ground lightning and classical rocket-triggered lightning is that the stepped-leader/first-return-stroke sequence in natural lightning is replaced by the initial stage (the upward positive leader, involving destruction of the triggering wire, and initial continuous current) in classical triggered lightning. As a result, rocket-triggered lightning provides data for return strokes similar only to subsequent strokes in natural lightning and no data for strokes similar to first strokes in natural lightning can be obtained. Mallick et al. [2014c] reported a median peak current of 11.7 kA for 290 triggered lightning strokes; the maximum was 38.1 kA, and the minimum was 2.0 kA. According to Berger et al. [1975] , the median values of peak current for first and subsequent strokes in natural negative lightning are 30 kA and 12 kA, respectively. The phenomenology of the initial stage of classical triggered lightning is similar to that of upward lightning initiated by tall grounded objects [Rakov and Uman, 2003, Chap. 6] . A log-normal relationship is expected between the percentage of upward lightning and effective height (which depends upon the height of the object, local terrain, and other factors) of tall objects [Eriksson and Meal, 1984] . Strikes to objects with heights less than 100 m or so are expected to be downward, while objects with heights above 500 m height are expected to experience upward flashes only. Thus, depending upon the height of the object being used for obtaining data for LLS validation, no data for first strokes may be available. Since first strokes in natural lightning are expected to have, on average, peak fields and currents that are a factor of two larger than those for subsequent strokes [e.g., Nag et al., 2008] , cloud-to-ground flash and stroke DE obtained by rocket-triggered and tall object studies may be somewhat of an underestimate.
When lightning strikes a tall metallic object, the lower part of the lightning channel to ground is replaced by a single grounded vertical metallic conductor through which the return stroke current flows. As a result the characteristics of radiation field waveforms of lightning strokes attaching to tall objects can be quite different than those of radiation field waveforms for strokes attaching to ground [e.g., Pavanello et al., 2007a Pavanello et al., , 2007b Pichler et al., 2010] . This factor needs to be taken into account while using data from lightning strikes to tall objects as ground-truth to examine the lightning type classification of LLSs. Additionally, since in this case the radiator for the lowest several hundred meters (depending upon the height of the tower) is a vertical metallic object instead of an often tortuous and branched natural lightning channel, the return stroke radiation field waveform measured by LLS sensors is expected to have unambiguous rising portions which may be much more suitable for measuring parameters used for lightning geolocation with very small error. As a result, the LA of an LLS estimated using lightning strikes to towers as ground-truth is expected to be somewhat better than that for natural lightning. Finally, since the radiated field peak is influenced by the height of the tower [e.g., Pavanello et al., 2007a Pavanello et al., , 2007b Bermudez et al., 2007] , the peak current estimation accuracy of an LLS should be examined using data from lightning strikes to relatively short (less than 150 m or so) towers.
Video Camera Measurements
Measurements of cloud and cloud-to-ground lightning processes using video cameras can be used as ground-truth to evaluate the performance characteristics of an LLS. Mata et al. [2014] . Lightning data obtained using video cameras can be used to evaluate the performance characteristics of all ground-based LLSs operating at different frequency ranges and satellite-based LLSs. The advantage of this method is that relatively large sample sizes of ground-truth lightning data obtained at different regions within the coverage area of an LLS can be obtained, rather than at a specific point within network, as is the case for rocket triggered lightning and also typically for lightning strikes to instrumented towers. Note that lightning strikes to multiple (noninstrumented) towers located in different regions within the coverage area of an LLS have been used to evaluate the LA of an LLS, as mentioned in section 5.2. Polarity and peak current estimation accuracy of an LLS, however, cannot be evaluated using data obtained by video cameras alone. A practical problem of performing video camera measurements of lightning flashes is that since the locations of lightning discharges are not known in advance, it may not be easy to capture them in the field of view of the camera. Additionally, sometimes lightning discharges occurring within the field of view of the camera may be obscured by the presence of heavy precipitation or by clouds (in case of cloud lightning).
The absolute LA for cloud-to-ground events (M-components and return strokes) of an LLS operating at ELF to HF can be evaluated using video camera measurements only if two or more correlated video measurements are used to triangulate the location of the lightning channel to ground. The location uncertainty in the camera system employed by Idone et al. [1998a Idone et al. [ , 1998b was estimated to be as good as about 500 m. However, modern LLSs have expected median location accuracy on the order of a few hundred meters (as discussed in section 4.1). Thus, it is currently impractical for camera-based triangulation to be used to validate absolute LA. Using a single video camera, absolute LA can only be evaluated if the lightning channel attaches to an identifiable ground-based object in the field of view of the camera [e.g., Mata et al., 2014] . Otherwise, it is possible to determine the relative LA of cloud-to-ground events in the same channel as the previous stroke in a flash [e.g., Biagi et al., 2007] . However, the ground strike points of flashes and channel branching close to ground are often not observed due to obstruction of the video camera's view by closer objects, terrain, and vegetation. Hence, the relative LA determined using this technique may be poorer than the actual LA of an LLS. In order to precisely determine the stroke DE, in addition to the cloud-to-ground flash DE, a high-speed video camera with frame rate faster than the shortest interstroke interval (generally of the order of few to several milliseconds) in cloud-to-ground flashes is needed. The LA of cloud flashes generally cannot be determined by single or multiple correlated video camera measurements because cloud discharges may extend for several tens of kilometers with horizontal branches in several directions and it is likely that significant portions of the channels are either obscured by the presence of clouds or are outside the field of view of the camera. Cloud flash DE and lightning type classification accuracy of an LLS can be determined using this technique only when the complete flash is within the field of view. Video camera measurements are often accompanied by correlated electric or magnetic field measurements. In that case, the DE, LA, lightning type classification accuracy, and polarity estimation accuracy of an LLS can be evaluated, and some ambiguous video measurements may become useable. For example, in order to obtain a reliable cloud-to-ground stroke DE estimate, it is essential to identify M-components and strokes occurring at intervals less than the frame rate of the video camera, and correlated electric or magnetic field measurements can be used for that purpose. Note that polarity is most easily determined if the correlated broadband electric field (rather than magnetic field) is measured.
The LA of VHF mapping systems cannot be determined using video camera measurements, even when multiple correlated video camera measurements are used, as the accuracy of triangulated locations obtained using video cameras is expected to be worse than that of well-calibrated modern VHF mapping systems.
In order to validate the performance of future satellite-based LLSs, ground-based and airborne optical lightning detectors to be used as reference are currently under development (H. Christian, personal communication, 2014) . The ground-based optical sensors will be part of a network that includes electric field measuring systems. The airborne optical sensors will consist of an array of optical photometers mounted on high altitude aircrafts such as the NASA ER-2 and the Global Hawk. These photometers will provide high time resolution and low spatial resolution imaging of lightning activity as viewed from above cloud top. In addition to the optical sensors, the ER-2 will fly electric field measuring systems and gamma ray detectors.
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Intercomparison Among LLSs
The performance of one LLS that is being tested can be compared against another LLS that may be used as reference, as long as the reference LLS is well calibrated, its performance has been characterized independently, and the test and reference networks overlap substantially. This method allows inferences to be made about the DE, LA, polarity and peak current estimation accuracy, and 1992] . LLS intercomparison can be used to evaluate the performance characteristics of all ground-based LLSs operating at different frequency ranges and satellite-based LLSs. The major advantage of the LLS intercomparison technique is that it can use lightning data sets with much larger sample sizes than the techniques discussed in sections 5.2 and 5.3, and they may cover large geographic areas depending upon the coverage areas of the test and reference LLSs. The primary disadvantage, however, is that unlike the techniques discussed in sections 5.2 and 5.3, LLS intercomparisons provide no absolute estimates (based on ground-truth data) of any of the performance characteristics of an LLS.
The exact nature of what can be validated by LLS intercomparison depends on the types of the test and reference networks. Table 4 summarizes the information that can be derived from intercomparisons between LLSs operating at ELF to HF, VHF, and optical and near-infrared ranges. The primary reason for the distinction is that LLSs operating at VHF and those operating at optical and near-infrared ranges are capable of mapping lightning discharges but not capable of differentiating between cloud-to-ground and cloud flashes or of determining polarity or peak current, whereas LLSs operating at ELF to HF have little or no lightning mapping capability but do provide both polarity and peak current estimates, as discussed in section 4. If the reference LLS operates at ELF to HF range, the cloud-to-ground flash and stroke DE, polarity and peak current estimation accuracy, and lightning type classification accuracy of a test LLS operating at ELF to HF range can be estimated with respect the reference LLS. If the test LLS is a VHF or satellite-based mapping system, its DE and LA can be estimated with respect to the reference LLS. If the reference LLS is a VHF or satellite-based lightning mapping system, inference about the total flash DE of a ground-or satellite-based test LLS can be made. Indeed, given that cloud lightning channels are mostly or entirely obscured from direct view of ground-based video cameras and satellite-based optical imagers and the relatively low temporal and spatial resolution of satellite-based LLS data, high-resolution VHF lightning mapping is the only method of doing detailed validation of the cloud lightning DE and LA of another LLS with large sample size lightning data sets. However, as discussed in section 4.3, video cameras have been employed to validate cloud flash DE of LLSs [e.g., Schulz et al., 2012; Cummins et al., 2014] for relatively small numbers (a few hundred or so) of flashes. Note that validation studies using VHF lightning mapping systems as the reference are easily confounded by high flash-rate storms. This is because the source-to-flash grouping algorithms used with VHF mapping data have high uncertainty in situations of high flash rate [Murphy, 2006] . While grouping of VHF sources into flashes can be done manually without the use of source-to-flash grouping algorithms, such an analysis can be highly subjective and very time consuming even for a relatively small number of flashes. Thus, proper validation of cloud lightning DE and LA using VHF mapping systems should be done using only modest flash-rate storms that are fairly isolated from other storms.
Ideally, the performance of the VHF lightning mapping systems should be validated independently. This has been done for the location accuracy of the VHF time-of-arrival LMA system [e.g., Thomas et al., 2004] . A balloon-borne VHF transmitter, whose position was measured by GPS, was tracked by an LMA in order to verify the accuracy of the LMA source locations. Interestingly, there have been no definitive studies of absolute flash detection efficiency for VHF lightning mapping systems, likely due to the difficulty of providing ground-truth information. To date, indirect assessment has led to the conclusion that a properly operating VHF mapping system has nearly 100% DE for cloud and cloud-to-ground flashes within the interior of the network. As described in Cummins and Murphy [2009] , there have been comparisons [e.g., Lojou and Cummins, 2006; Mazur et al., 1997] of different types of VHF mapping systems using time-of-arrival and interferometry to geolocate lightning. Those studies show that although different processes within flashes may be preferentially observed by time-of-arrival or interferometric VHF mapping systems, both systems can provide similar flash counts and spatial representations of flashes.
The most common method used to validate satellite-based LLS performance is LLS intercomparison. Examples include assessment of the CG flash performance of OTD using NLDN CG flash data as reference and assessment of total flash DE using VHF mapping data from LMA as reference [Thomas et al., 2000] . Also, satellite-based LLS data are sometimes used as reference to examine the total flash detection efficiency of ground-based LLSs [e.g., Rudlosky and Shea, 2013; Rudlosky, 2014; Thompson et al., 2014] . One of the complications of using lightning data provided by low-Earth orbiting satellite-based LLSs as test or reference is the need to track the field of view on a per-second basis. The viewing time for a specific location on the Earth varies with the satellite altitude, and is on the order of a few minutes. Additionally, the emissions detected by ground-based LLSs result from lightning processes that are different than those associated with the emissions detected by satellite-based LLSs as discussed in section 2. Hence, uncertainties related to correlating individual events detected by these LLSs are often large. For example, groups of events having high radiance in satellite-based LLS data sets are not necessarily correlated with lightning events having high peak currents in ground-based LLS data sets [e.g., Boccippio et al., 2000; Thompson et al., 2014] . In fact, Thompson et al. [2014] reported that groups of events having high radiance detected by LIS only had a coincident ground-based LLS-detected lightning event about half of the time. Finally, due to the different nature of the emissions detected by ground-based and satellite-based LLSs (as discussed in section 2), correlation of data from such LLSs may yield lightning events that are exclusive to each data set. As a result, such studies may estimate the correlation percentage between these LLSs [e.g., Thompson et al., 2014] , rather than the relative detection efficiency of one versus the other.
Summary
Ground-based or satellite-based lightning locating systems operating at different frequency ranges detect emissions associated with a variety of different lightning processes. As a result, lightning data provided by such systems often contain complementary information about thunderstorms. Depending upon the frequency range of operation, LLSs may report a variety of processes and characteristics associated with lightning flashes including channel formation, leader pulses, cloud-to-ground return strokes, M-components, ICC pulses, cloud lightning pulses, location, peak current, peak radiated power, and full spatial extent of channels. For all the applications of lightning data, it is critical to understand the information that is provided by various LLSs in order to interpret it correctly and make the best use of it. The performance characteristics of a lightning locating system refer to its ability to detect and report various aspects of lightning discharges. These performance characteristics include (1) detection efficiency (DE) for cloud and cloud-to-ground flashes and cloud-to-ground strokes, (2) location accuracy (LA), (3) polarity and peak current estimation accuracy, (4) lightning type classification accuracy, the ability to differentiate between different processes such as in-cloud pulses and cloud-to-ground strokes, and (5) 
Appendix A: False Detections
The performance parameters and validation techniques discussed in sections 4 and 5 are all critical to the proper understanding and utilization of LLS data sets. However, they are all exclusively related to the lightning that is detected. It is also important that an LLS minimize the degree to which it detects and reports anything that is not lightning. However, false detections can have a wide variety of causes and can be very difficult to quantify.
Noise is probably the principal cause of false detections. In ground-based LLSs, noise is often in the form of radio or television broadcast transmissions that lie within the passband of the sensors. Noise can also come from a wide variety of ground-based industrial, transport, and agricultural activities, as well as electrical equipment such as lights, motors, and nearby electric power distribution or transmission lines. In space-based VHF systems such as FORTE, a multitude of ground-based transmitters lies within the field of view at any given time, and because the passbands of the sensor are wide (22 MHz each) [see Jacobson et al., 1999] , many noise sources are picked up simultaneously. In space-based optical sensors, noise sources are primarily shot noise from bright cloud tops, high-energy particles, nonlightning optical signals such as solar glint reflections from the oceans, and sensor noise .
Noise mitigation in LLSs can be as diverse as the LLSs themselves. At the sensor level, various signal characteristics, either in the frequency or time domains or both, may be used to distinguish between lightning and nonlightning signals. Notch filters or other signal processing techniques are sometimes used to remove noise sources coherently from the lightning signals of interest [e.g., Said et al., 2010; Dowden et al., 2002] . In ground-based LLSs, the central processors can impose a variety of consistency checks between the various sensors during the process of determining the geolocation of a particular event. Alternatively, once events are detected and geolocated, spatiotemporal clustering can be used to identify and remove outliers. The latter method applies equally well to single-sensor satellite-based methods or ground-based multiple-sensor LLSs [e.g., Boccippio et al., 2000; Murphy et al., 2013] .
In addition to noise, false detections can also be due to uncorrected bias errors in the sensor measurements or to poor-quality geolocations of legitimate lightning discharges. For example, if a particular combination of two sensors in a ground-based LLS produces a geolocation in which the estimated random position error is 20 km, and the position lies 15 km away from the remainder of the lightning activity in the parent thunderstorm, then the low-quality position may, in some applications, be regarded as a false detection. To quantify the rate of false detection in this case, however, it is necessary to define the limits of spatial and/or temporal consistency in a cluster of lightning activity associated with a thunderstorm, such that any detection that exceeds those limits can be identified as a false detection.
In ground-based LLSs operating at VHF, particularly those that use the TOA technique, false detections are also generated by small spark-like discharges generated when airplanes fly through ice clouds and create charge separation by collisions with the ice crystals. Such airplane tracks have been discussed by Boccippio et al. [2001a] and Thomas et al. [2004] . In the latter case, the airplane tracks were utilized as another means of investigating the performance of the LLS, thus converting false detections into an advantage. Airplane tracks are relatively easy to recognize as false detections due to their linear or gently curved organization and their speed of motion, on the order of a couple hundred m/s, which is considerably slower than natural lightning discharge processes.
The majority of the very limited literature on quantifying the false detection rates of LLS uses internetwork comparison as the means of analysis. The World-Wide Lightning Location Network (WWLLN) was compared against the Los Alamos Sferics Array (LASA) by Jacobson et al. [2006] , who found that 1.7% of the WWLLN events analyzed were uncorrelated with any LASA event within a correlation time window of 200 ms.
Although there was said to be some general spatial association with thunderstorm activity when these events were viewed on a map, they were implied to be false detections, a finding that was later questioned by Abarca et al. [2010] . Abreu et al. [2010] also compared WWLLN data with the Canadian Lightning Detection Network (CLDN), a medium-range LLS operating over the VLF-MF range. They found that 0.05% of WWLLN A different approach to the quantification of false detection rate was taken by Lagouvardos et al. [2009] and Poelman et al. [2013b] , although both are still based on network intercomparison studies. In these studies, grids were defined over the regions of coverage of the LLSs and then the number of grid boxes in which the test and reference networks detected zero or nonzero number of events were counted. Lagouvardos et al.
[2009] considered thunderstorms over southern Germany on a single day, whereas Poelman et al. [2013b] included thunderstorms in and around Belgium over many months. The analysis was then done by the 2 × 2 contingency table method (hits, misses, false alarms, and correct negatives). False alarms were defined as any grid boxes that contained a nonzero count of lightning events from the test network but a zero count from the reference network. By varying which LLS was considered the test and which was considered the reference, in a three-way intercomparison study, Poelman et al. [2013b] found false "alarm" (detection) rates between 5% and 17%. In Lagouvardos et al. [2009] , the corresponding value was 11%, with the ZEUS long-range LLS being the test LLS and LINET serving as the reference. Modern well-calibrated medium range LLSs are expected to have false detections well below 0.1%.
A modeling approach was suggested by Thomas et al. [2004] to quantify the false detection rate of the Lightning Mapping Array. There, Monte Carlo simulations were carried out using combinations of six sensors, the minimum required to produce a geolocation in the LMA. The Monte Carlo calculations involved the random introduction of timing errors of 7 μs. The objective was to see how often one of the resulting badly geolocated events would survive the normal quality control based on the chi-square value. The simulation results were not actually given, but the balloon-borne transmitter data that were used to validate the location accuracy of the LMA also yielded the conclusion that no more than 1% of the geolocated sources were likely to be false detections.
It should be noted that false detections can also be ascertained by comparisons of LLS data with radar data and satellite imagery. Overviews of early comparisons of this type, and associated references, were given by Holle and Lopez [1993] . Just as with other validation techniques, these approaches require considerable caution. With both radar and satellite data, the temporal resolution is typically much lower than that of the LLS data. The type of thunderstorm also needs to be considered, as squall lines and mesoscale convective systems usually have stratiform precipitation regions that produce lightning but have lower radar reflectivity than the main convective regions of the same storm systems [e.g., Watson et al., 1995; Carey et al., 2005] . With radar data, beam blockage by terrain is an important consideration [e.g., Maddox et al., 2002] and if not taken into account could lead to diagnosing an erroneously high false detection rate on the part of an LLS; maximum column reflectivity, as opposed to a single low elevation angle scan, is a better radar data set to use in complex terrain.
Appendix B: Performance Modeling of LLSs
The validation of LLS performance characteristics such as detection efficiency and location accuracy provides critical information about the performance of an LLS as it is. However, that analysis is frequently accompanied by a parallel question about what the performance of the LLS is expected to be and, thus, whether the measured performance does or does not satisfy expectations. Models of network performance can therefore be used in conjunction with validation techniques to enhance the understanding of LLS performance. Models are typically used to predict the detection efficiency and location accuracy of LLSs. Other performance characteristics, such as accuracy of peak current estimation or the classification of cloud pulses versus cloud-to-ground return strokes, are either not relevant in the context of modeling or simply too difficult to model well. In this appendix, we focus on detection efficiency (DE) and location accuracy (LA) models.
B1. DE Models
Detection efficiency is equivalent to the probability of detection of lightning discharges by an LLS. In the context of ground-based LLSs, the relevant quantity is the probability of detection by at least the minimum number of sensors required to calculate the geolocation of any particular lightning discharge or discharge process, such as a return stroke, K-change, and preliminary breakdown. In the context of satellite-based A ground-based LLS is specified by the positions of the sensors and the sensor characteristics. The essential sensor characteristics are the minimum detectable signal (or threshold) and maximum detectable signal (or saturation), which together specify the dynamic range, and some measure of how a given electric or magnetic field value maps into the sensor dynamic range. The latter quantity is usually simply known as the sensor gain. Given equal dynamic ranges, a sensor with higher gain saturates on nearby lightning signals out to a greater distance than a sensor with lower gain, but conversely, the sensor with higher gain also picks up low-amplitude signals from lightning at greater distances than the sensor with lower gain.
The lightning process to be detected is specified in terms of the naturally occurring distribution of its amplitudes or powers. Preferably, this distribution is specified in terms of a basic physical characteristic of the discharge, such as the peak current of cloud-to-ground return strokes. However, it is often intractable to relate a basic physical characteristic to the signals being measured. A good example is in VHF lightning mapping systems that receive VHF emissions within a particular band. Thus, it is often necessary to rely on measurements made by an LLS to derive the distribution of amplitude or power that is then used in a DE model. When this is necessary, obviously the distribution should be derived from a well-characterized LLS and only in the region where that LLS has high detection efficiency.
The signals emitted by the discharge process to be modeled are then mapped to the spatial distribution of sensors in the LLS via a propagation model, taking into account issues such as ground conductivity (in LF, VLF), reflection of signals from the ionosphere (VLF), or blockage of signals by terrain features and buildings (VHF). Once the signals coming from a particular discharge process are mapped to the sensor locations via the propagation model, the signal levels are then mapped to the sensor characteristics discussed above.
Ideally, each sensor in a ground-based LLS has perfect probability of detection at all amplitudes within its dynamic range, as illustrated by the grey curve in Figure B1 . In practice, however, a typical sensor has a probability of detection that varies slightly with signal-to-noise ratio near the threshold. Thus, the probability of detection does not rise immediately at the sensor threshold but rather looks more like the black curve in Figure B1 . Similarly, the cutoff at saturation is not sharp either. For example, a sensor that includes magnetic direction finding may begin to report saturation when only one of the two MDF channels reaches saturation, which in turn depends on azimuth as well as the source signal amplitude. The net effect, aggregated over all azimuths, is a slower fall-off in probability of detection rather than a sharp cutoff at saturation, again shown by the black curve in Figure B1 . Finally, although most modern digital sensors have no dead time, some older sensors do, and real sensor sites are always affected to some degree by noise and, over time, by power and communications interruptions. Therefore, there is a practical upper limit to probability of detection even within a sensor's dynamic range. This can be modeled simply by reducing the maximum probability of detection to something less than 1.0 in the modeled curve, as shown in Figure B1 .
In some DE modeling studies CIGRE, 2009; Chen et al., 2013] , the sensor probability of detection is represented as a function of distance rather than received signal amplitude. This representation Figure B1 . An ideal (grey curve) versus an actual (black curve) sensor probability of detection curve as a function of signal amplitude as seen by a typical sensor.
Earth and Space Science , the sensor probability of detection curve is also convolved with the source amplitude distribution, and thus, the model is rigidly bound to both the sensor and discharge characteristics. In addition, if the probability of detection characteristic is derived directly from the LLS by monitoring the relative frequency of contribution of each sensor, then the sensor probability of detection curve is also convolved directly with LLS performance, including any local or regional degradation. For example, the loss of a particular sensor due, e.g., to an extended communication outage, reduces the DE in a region around that sensor. Other sensors that cover the same region then have higher relative DE because they necessarily have to do most or all of the detection in that region, and any probability of detection curves derived from the relative contributions of those sensors may be too optimistic.
The essence of the DE model is then to compute the overall probabilities of detection by any combination of sensors in the LLS that is capable of determining a geolocation. This overall probability must involve integration over the natural source amplitude distribution described above. Equation (B1) summarizes this for combinations of two sensors, applicable to LLSs where a minimum of two sensors is capable of performing geolocation; similar integrations are performed over all possible combinations of sensors capable of performing geolocation.
Here, a lightning discharge is assumed to occur at a location given by lat, lon. The function p A (x) is the probability of amplitude x from the natural distribution of amplitudes or powers, p A , which extends from A min to A max . The function p d is a sensor probability of detection, taken from a curve such as that shown in Figure B1 . Its value is dependent upon the mapping of amplitude value x from the lightning at lat, lon to the sensor position via the signal propagation model, represented in this equation by Pr(lat, lon, i, x), where i is a sensor index.
The overall DE at the point lat, lon is obtained by summing over the combinations of 2, 3, 4, …, n sensors in the LLS. In practice, if the LLS contains more than 10 sensors, the combinations of 10 or more contributing sensors from a larger set of sensors, most of which are typically at large distance from the point lat, lon, add very little to the DE model other than large computational expense. Thus, to maintain practical computation time, it is reasonable to select the closest 10 or so sensors to each point lat, lon and compute just the possible combinations of those sensors. By tracking the overall probabilities of detection by combinations of 2, 3, 4, …, n sensors, the model of the expected distribution of the NSR is automatically computed along with the overall DE at any given point lat, lon. Thus, Figures 2a and 2b are readily derivable from a single model.
B2. LA Models
The random error in the position estimates provided by ground-based LLSs is described by a statistical confidence region having an elliptical shape in general. The elliptical shape derives from the shapes of the contours of constant differential in the cost function that is minimized in the nonlinear modeling process. That cost function typically takes the form of a sum of squares and obeys a chi-square distribution, and thus, its value is often referred to simply as the chi-square value associated with each lightning position. The contours of chi-square differential relative to the global minimum (ideally; or a local minimum in a nonideal case) mapped onto the two-dimensional latitude, longitude space form ellipses. These ellipses map to statistical confidence levels. Thus, it is common to hear the term "error ellipse" or "confidence ellipse" used to refer to the estimate of random position error associated with LLS data.
The relationship between the contours of chi-square differential and the statistical confidence intervals, and the method of determining the sizes of the confidence regions, have been described succinctly in the nonlinear modeling section of Press et al. [2007, Chap. 15, 3rd ed.] . This relationship fundamentally involves the Hessian, which is built from the derivatives of measured data values (e.g., time and/or angle measurements from multiple sensors) with respect to the parameters of the nonlinear model (in the spatial dimensions, latitude and longitude). The terms of the Hessian are also weighted by the variances of the Because of the positional dependence of the derivatives going into the Hessian, the values in the Hessian for each lightning discharge are also dependent on the specific combination of sensors that detect the discharge. The positional dependence with respect to a single combination of three sensors is illustrated in Cummins and Murphy [2009] . Thus, LA models are combinatorial, just as the DE models discussed in the previous section, and the output is a distribution of the confidence region sizes produced by all sensor combinations. In order to produce a map of representative location accuracies over the entire area of coverage of an LLS, it is customary to take a single value, usually the median, from that distribution of all confidence region sizes. However, in doing that, it is critical to take into account the fact that not all sensor combinations are equally likely to detect, and thus, the median must be based on the halfway point in the cumulative probability of detection. In other words, the ellipse values are ranked by the probabilities of stroke detection of the specific sensor combinations that generate them. Figures B2a and B2b illustrate these points, using the point marked B in Figure 2a . Figure B2a shows the distribution of the modeled confidence ellipse semimajor axis lengths with each axis-length bin containing the relative contribution to the total stroke DE. The bars in Figure B2a are color-coded by three ranges of peak current to illustrate the fact that smaller ellipses are associated with higher peak currents. This is because there is a higher probability of having all or nearly all sensors contributing at the higher peak currents. In Figure B2b , the black curve shows the cumulative probability density derived from the histogram in Figure B2a together with a second cumulative probability distribution that does not take the contributing probabilities of detection into account (grey curve). We see that half of the total detection efficiency is accounted for by sensor combinations whose semimajor axis lengths are below 4.25 km, while the median is much larger, 6.6 km, if the probability of detection information is not considered. The former value, 4.25 km, is the value that truly represents the median location accuracy provided at this location (point B in Figure 2a ) well outside the perimeter of the LLS.
It is also worth noting that a coupled LA-DE model can be used to provide appropriate feedback between LA and DE in order to produce DE estimates that are more representative of reality around the periphery of ground-based LLSs. In practice, lightning positions with very large confidence ellipses are typically rejected in Figure B2 . (a) Distribution of the modeled confidence ellipse semimajor axis lengths, at the position marked "B" in Figure 2a in the body of the paper. Each bin contains the relative contributions to the total stroke detection efficiency (SDE). (b) The black curve shows the cumulative probability of detection (POD) derived from Figure B2a . The grey curve shows the cumulative probability distribution that does not take the contributing probabilities of detection into account.
Earth and Space Science LLS data sets because of their poor quality. Such positions occur mainly outside the perimeter of the LLS sensors. The limiting value of ellipse size used in an LLS can also be used to zero out the DE values of any combinations of sensors whose modeled LA exceeds the limit. This then leads to lower, but more realistic, DE estimates in regions outside the LLS perimeter. We have, in fact, applied this practice in the generation of the stroke DE and associated NSR distributions in Figures 2a and 2b and in Figures B2a and B2b discussed. The maximum semimajor axis length in these model runs was set to 15 km.
The coupling between LA and DE, and the application of a realistic maximum LA value, leads to interesting behavior in the distribution of NSR, which can be used in network self-reference studies, as described in section 5.1. Specifically, in areas well outside the perimeter of a network, such as points C and D in Figure 2a , one might expect that the minimum NSR required to geolocate a stroke would eventually become the most probable value of NSR. In fact, however, as the distance outside the network increases, the error ellipses associated with most, and eventually all, of the minimum-NSR combinations of sensors become so large that these combinations are rejected. Thus, the NSR distribution converges toward a large peak at a value that is not the absolute minimum, as illustrated for point D of Figure 2a . When the absolute minimum NSR is 2, as in the example network used here, then the NSR distribution is also affected by the directional location accuracy effects near the lines joining pairs of sensors, as mentioned in sections 3.2 and 3.4. Additionally, if there are points outside of a network where even more sensors are nearly equidistant from the points in question, then the NSR distribution tends to converge toward an even larger number at those points. A good example of such a situation is a concave section of coastline with sensors that are approximately evenly spaced along the coast. In that case, even points that are a couple hundred km offshore may have NSR distributions that peak at, say, 4-5, even though the minimum number of sensors required to geolocate is only 2.
